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Abstract. In this paper, the aridity index included in Köppen’s Climatic 
Classification is used to estimate the amount of available water in humid basins and it is 
applied to the three most populated hydrological regions of Mexico: the Lerma-Chapala-
Santiago basin, the Balsas river basin and the Panuco river basin. An evaluation of their 
present and future hydrological conditions was done considering three climatic-change 
stages derived from three models in which it is assumed that CO2 content in the atmosphere 
will double between years 2025 and 2050. The results indicate that available surface water 
and its reserve will decrease in Mexico’s Central Region as a result of climatic change. 
Although the Balsas and Panuco basins show less unfavorable results, proper management 
and development of the basins must be guaranteed for an efficient use of water.  Most 
vulnerable is the Lerma-Chapala-Santiago basin which, given the mismanagement of water 
ressources, has important hydrological problems that will definitively aggravate in the 
context of the postulated climate change.  Plans for the efficiency of water supply face two 
difficult challenges: the great volume of water necessary to satisfy the current needs in the 
city and the impact of this high consumption on the hydrological cycle. 
 
Key words: available water volume, climatic change, hydrological balance, 
hydrological basins. 
 
I. INTRODUCTION 
It is widely accepted among experts (Bates et al., 2008) that water quality 
and availability will be the main issues for societies and the environment under 
climate change. However, studies that focus on modelling climate variability, 
distribution of precipitation and water availability vary widely in their results. This 
creates the need for improving the understanding of the present and future 
conditions of freshwater and hydrological cycles in relation to climate change. This 
paper presents another effort to contribute to the ongoing research on this subject 
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by offering a way to determine the volume of available water in humid regions 
using a method applied to Mexico’s three most populated hydrological regions: the 
Lerma-Chapala-Santiago basin, the Balsas river basin, and the Panuco river basin. 
The method proposed here is in fact the application of the aridity index included in 
Köppen’s Climatic Classification. It will be shown how such index produces 
reliable results to determine the elements of hydrological balance which, in turn, 
can help to delineate some guidelines of action for the proper management of the 
water in basins of humid regions in the face of the challenges posed by climate 
change and the needs of growing populations. 
 
II. THE STUDY AREA 
This study focuses on three hydrological basins located at the central part 
of Mexico. Mexico’s central region was selected because it is the most widely 
affected one by water supply problems. These problems have arisen as a result of 
the continuously increasing population and because of its intense social and 
economic activities, situations that confer a special interest to definie the effects of 
climatic change in a future 25 - 50 year time span. 
From a hydrological point of view, the central region includes three 
hydrological basins which have large surface areas; they are also Mexico’s most 
populated basins (Fig. 1). These are: Lerma-Chapala-Santiago (135.836 km
2
); 
Balsas (117.638 km
2
), and Panuco (98.302 km
2
). The Mexico basin was artificially 
integrated to the Panuco River by the construction of a sewage canal (Maderey, 
1994).  It is the most populated basin in the country with 19.609.728 inhabitants 
including the Metropolitan Area of the Valley of Mexico and a population density 
of 5920 ihhab/km
2
 in the Federal District (Mexico City).  
From the hydrological resources point of view, under present conditions, 
the more affected basins are the upper Lerma-Chapala-Santiago and Mexico; they 
are vulnerable to contamination and depletion of their water resources due to 
mismanagement, a problem that is enhanced by the growing population, industrial 
activities and agricultural practices. 
The inefficient water management of these basins is largely due to a poor 
and inadequate handling of the water resources in this area. The increase of water 
supply volume that the government offers to be used by the population encourages 
the continuous growth of Mexico City. Consequently, additional water is being 
imported from other basins such as Lerma and Balsas without studying how much 
volume of water these basins can donate avoiding diminishing their own water 
supply. The Balsas basin has not registered important ecological damages, but 
inhabitants in the region have launched protests about the enormous water volume 
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exported to Mexico City, which decreases the amount of available water for local 
irrigation and agriculture. Water resources from the upper Lerma basin have been 
collected to supply Mexico City, but this is generating an unbalance in the basin, 
not only because it does not provide enough water for the people that live nearby, 
but also because it is causing the disappearance of lakes in this fluvial system. 
Furthermore, deficiencies in water availability in the Mexico basin strongly 
contrast with flooding issues during the rainy season, when it is necessary to drain 
those waters towards the Panuco basin.  
 
 
Fig. 1  Hydrological Basins of Central Mexico 
 
It is strongly needed to analyze the hydrological response of these three 
basins to climate change, in order to define their additional vulnerability to 
uncontrolled external effects. 
In this study the actual hydrological balance was estimated for each basin, 
and their response to three climatic change scenarios was postulated. Water 
balances resulted by the application of data (temperature and precipitation) 
generated by three models proposed by the Physical Scenarios Group of the project 
entitled “US Support Country Studies to Address the Climate Change, Country 
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Study: Mexico”, which assumes that carbon dioxide (CO2) content in the 
atmosphere will double between years 2025 and 2050. Two of these models are 
based in a general atmospheric circulation model: the GFDL (Geophysical Fluid 
Dynamics Laboratory) and the CCCM (Canadian Climate Center Model). The third 
model, TCM (Thermodynamic Climate Model), is based on a thermal energy 
balance (Adem, 1982; Garduño, 1992). 
It is worth emphasizing that even though the application of General 
Circulation Models (GCMs) has not always given reliable results, they were the 
main tool being used by countries participating in the project. The Physical 
Scenarios Group also studied the possibility of interpreting the results of GCMs to 
create regional climate change scenarios (Magaña, 1994, 1995; Conde et al., 1995; 
Magaña et al., 1997). 
In Mexico, GCMs and the Thermodynamic Climate Model (TCM) were 
used, the latter including among its applications the possibility of computing 
climate simulations for the duplication of CO2 content in the atmosphere. Its 
reliability is similar to that of other models used throughout the world.  
To build up basic scenarios for Mexico, average monthly temperature and 
precipitation for the period between the years of 2025 and 2050 were used for the 
23 points of the TCM. “The advantage of using these points is that they are 
homogenously distributed in a 2.5° x 2.5° grid on Mexican territory. At the same 
time, isoline maps of temperature and precipitation were drawn for Mexico from 
simulations of the CCCM and GFDL models for doubling CO2 levels. Values 
calculated with these models for the 23 points of the basic scenario were obtained 
by interpolation or adoption of the nearest point.” (Conde et al., 1995). Values for 
the meteorological stations used in this research were obtained by the interpolation 
procedure. 
The climatic and hydrometric information used was obtained for 223 
meteorological and 172 hydrometrical stations located in the studied basins 
approximately between 17°15’ to 24°00’ latitude, 97’30° - 105°00’ longitude, and 
a minimum altitude of 0m to a maximum of 5452m in the south watersheds of the 
Panuco basin.  The method to calculate hydrological balances is based on the 
climate, considering it as an essential factor from which the mean volume of 
available water to be used without affecting the basin’s environment can be 
estimated. 
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III. METHODOLOGY TO ESTIMATE AVAILABLE SURFACE 
WATER 
Available or usable water is the amount of water that is ready to be 
collected without affecting the ecology of the basin, especially with reference to 
the hydrological balance. 
In the methodology used in this work, climate is considered an essential 
factor to calculate the mean volume of available water. Basically, this method is 
used to estimate the available water yield in humid basins. The aridity index is 
applied to define the water yield that the catchment area should retain to keep its 
humid characteristics. Such yield is the water reserve of the basin and is part of its 
base flow in a humid climate, should the rainy season be absent the climate could 
change into a dry one.  
Frequently, during the rainy season (from May to October) stream flow 
recharges groundwater, as opposed to the dry season (from November to April) 
when groundwater feeds the stream flow. Should the dry season had a lengthy 
duration, groundwater levels that feed the stream would be lowered below their 
bed, so the base flow will disappear. It is evident that the base flow (or 
groundwater discharge) is the main source of water for the biotic component of the 
environment. The base flow will have a longer duration depending on the hydro-
geological response and length of flow system. Lengthier flows allow for 
development of permanent and abundant vegetation with well established 
ecosystems such as wetlands. The lengthier flow system involved implies that 
discharge areas do not necessarily depend on the characteristics of the local 
climate. Consequently, in basins with dry climates the volume of available water 
depends on its structural characteristics, mainly the geomorphological framework. 
The method used in this work is applied under the assumption that surface and 
groundwater generated in the basin originate from precipitation occurring within its 
limits, that is, the surface basin area corresponds with that of the groundwater basin 
(Maderey et al., 1995). This implies that water present in a basin lacks inflows 
from neighbouring basins. When there is any interbasin flow, this is usually 
included in the water balance of the basins (Carrillo, 2000). It must be emphasized 
that this component of natural (or induced) flow from neighboring basins should be 
clearly defined, as any development on this groundwater will affect existing 
groundwater features in the recipient basins.  
The method employed in this work uses the aridity index of Köppen’s 
Climatic Classification System (Köppen, 1948) as a hydrological index because it 
can be easily applied due to the fact that the values of the hydrometeorological 
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variables that it utilizes are the most complete and longest registered.  Moreover, 
this aridity index has proved to be very effective in the classification of the 
climates. Its application as a hydrological index, devised by Maderey (1991) at the 
Institute of Geography, UNAM, is based on the following assumptions: 
The amount of available water in a humid basin may be calculated by 
finding the limiting value of the aridity index, which also represents an ecological 
value since it is related to the vegetation type corresponding to the different 
climatic zones. The aridity index of the Köppen Climatic Classification System is 
used because it is relatively simple to apply and it can be considered as one with 
the most hydroclimatic validity. This is due to the fact that the limit between dry 
and humid climates is clearly determined by precipitation, suggesting whether 
there is a water shortage or surplus. These relative terms are usually estimated 
through ecological features, mainly the type of existing vegetation in the basin. 
This aridity index is defined by the mean annual temperature in degrees 
Centigrades, as well as by the precipitation regime, that is, the time of the year 
when most of the precipitation falls (Table 1). 
 
Table 1 Formulas for determining precipitation limits between    dry and humid climates 
(Köppen, 1948) 
S f  or  x' w 
r = 2t r = 2(t+7) r = 2(t+14) 
where: 
s - winter precipitation regime; 
w - summer precipitation regime; 
f - abundant and uniform precipitation regime during the year; 
x' - scarce and uniform precipitation regime during the year; 
t - mean annual temperature, in 
o
C; 
r - limit value of mean annual precipitation, in cm. 
For P - mean annual precipitation (mm), then for P  r, the climate is dry 
and for P > r, the climate is humid. 
The value of index r determines the excess amount of precipitation in order 
to be considered as a humid climate. It also allows obtaining the volume of surplus 
water in the basin, that is, the available volume for further use; the value of this 
index (r) is the reserve (R) of the basin.  
The procedure to calculate the available surface water in a time period 
(Vp) is: 
a) The maximum available water volume in the basin is the difference 
between precipitations minus evapotranspiration losses (P-Ep). When this water 
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volume is used, there will be no possibility to replace it, and a permanent damage 
to the basin is expected in terms of water availability. 
b) In general, from the maximum water volume received by the basin, one 
part evapotranspirates, and the rest (infiltration and runoff) satisfies ecological 
needs. Once these have been fulfilled, the amount of water that the basin naturally 
yields is the volume available to be used without affecting its balance. This volume 
(Vp) will be equivalent to the difference between the maximum volume of water 
entering the basin (P-Ep) and the volume produced by the minimum precipitation, 
defined by the limit value of precipitation (r) so that the basin will be humid, from 
which evaporation (Er) must be substracted (Table 2). 
Er (r evaporation) is an estimate because although r is indirectly related to 
evaporation, it is a calculated precipitation value, from which Er must be subtracted 
to remove the part of precipitation not received by the basin, and only then the 
comparison with the effective amount of precipitation that falls in the basin can be 
made (P-Ep). The preceding proposal sums up to: 
Vp = (P-Ep) - (r-Er) 
This expression has two terms: one is the hydrological balance (P-Ep) and 
the other a climatic-ecological parameter (r-Er) that, while limiting the available 
water volume, it forms the humidity reserve (R) that the basin needs to maintain its 
original natural landscape and is also equivalent to the difference between the 
volume of runoff (Q) and that of available or usable water (Vp). The abstraction of 
a larger water volume would require a detailed study about the behavior of water in 
the basin, mainly the groundwater flow systems, to find out where and how this 
reserve could be obtained without negatively affecting its ecological equilibrium. 
It is extremely important to consider the vegetation type in the basin to 
make a correction accordingly. Present calculations include temperature and 
precipitation measurements only, neglecting the nature, size, density, soil-use cover 
(such as agricultural practices). Detailed studies could prove the need to include 
actual soil-use cover in evapotranspiration computations. 
The proposed criteria is part of a climatic classification, which uses annual 
averages of the hydrological variables involved in the basin to calculate the mean 
available surface water volume (Vp). However, the safe usage of Vp needs to 
consider, among other aspects, the distribution of annual rainfall, given that a 
uniform distribution of rainfall throughout the year will have a different practical 
Vp than a markedly seasonal distribution. 
It is also convenient to apply the same criteria for each water year having 
annual values to define available water in order to more effectively regulate this 
volume. Otherwise, when using the mean value, a risk exists because in humid 
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years less water might be used than that supplied by the basin, whereas in dry years 
it can be abstracted in excess. 
The methodology here presented was used with mean annual values for the 
analysis of the current and inferred future conditions in the three selected 
hydrological basins, according to the climatic change expected for year 2050. The 
results were obtained with the help of models GFDL, CCCM and TCM mentioned 
above (Magaña et al. 1997). 
 
Table 2 Hydroclimatic parameters and hydrological balances of Mexico’s 
Central Region by basins 
Hydro-
logical 
Region 
Model 
Mean 
annual 
temperature 
 
T 
Mean annual 
precipitation 
 
P 
Mean annual  
runoff 
 
Q 
Limit value of 
precipitation between 
humid and dry zones 
as per Köppen 
r 
P > r: humid zone 
P < r dry zone 
Actual 
evapotranspiration  from 
precipitation into the 
basin 
Ep 
(Ep=P -Q) 
ºC mm m
3
10
6
 mm m
3
10
6
 mm m
3
10
6
 mm m
3
10
6
 
Basin of the 
fluvial 
system 
Lerma-
Chapala-
Santiago 
 
Area in km2 : 
135 835.89 
Present 
scene 
18.7 775.2 105 298.14 
90.8 12 333.90 
654 88 836.67 
684.4 92 964.24 
11.7% of P 88.3% 
232.6* 31 595.43* 542.6* 73 702.71* 
30.0% of P* 70.0%* 
GFDL 22.4 904.3 122 835.42 
20.1 2 730.30 
728 98 888.53 
884.2 120 105.12 
2.2% of P 97.8% 
203.3* 27 615.44* 701.0* 95 219.98* 
22.5% of P* 77.5%* 
CCCM 21.8 683.6 92 850.39 
0 0 
716 97 258.50 
(711.3)*** 
683.6 
92 850.39 
- - - - - - 100.0% 
119.7* 16 259.60* 563.9* 76 590.79* 
17.5% of P* 82.5% 
MTC 21.6 565.4 76 794.95 
0 0 
712 96 715.15 
(608.4)*** 
565.4 
76 794.95 
- - - - - - 100.0% 
83.1* 11 288.00* 482.3* 65 506.95* 
14.7% of P* 85.3%* 
           
Balsas river 
basin 
 
Area in km
2: 
117 637.78 
 
Present 
scene 
21.5 996.8 117 261.55 
247.1 29 063.89 
710 83 522.82 
749.7 88 197.66 
24.8% of P 75.2% 
GFDL 25.2 1 168.6 137 467.07 
213.0 25 056.85 
784 92 228.02 
955.6 112 410.22 
18.2% of P 81.8% 
CCCM 24.6 802.8 94 442.62 
84.9 9 987.45 
772 90 816.37 
717.9 84 455.17 
10.6% of P 89.4% 
MTC 24.8 730.5 85 931.62 
63.7 7 493.53 776  
(730.5)**** 
91 286.92 
666.80 78 438.09 
8.7% of P 91.3% 
Panuco river 
basin 
 
Area in Km
2: 
98 302.28 
 
Present 
scene 
19.9 918.6 90 298.28 
272.0 26 738.22 
678 66 648.94 
646.6 63 560.06 
29.6% of P 70.4% 
GFDL 23.1 1 112.2 109 333.66 
261.7 25 725.71 
742 72 940.29 
850.5 83 607.95 
23.5% of P 76.5% 
CCCM 22.0 790.1 77 667.27 
132.3 13 005.39 
720 70 777.64 
657.8 64 661.88 
16.7% of P 83.3% 
MTC 22.5 666.4 65 513.39 
84.8 8 336.03 730  
(666.4)**** 
71 760.66 
581.6 57 177.36 
12.7% of P 87.3% 
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Actual evapotranspiration 
as per turc** of the 
precipitation into the 
basin 
EpTurc 
 
Actual 
evapotranspira-tion 
as per turc** of the 
limit value of 
precipitation 
between humid and 
dry zones as per 
Köppen 
ErTurc 
Adjustment 
factor 
 
Ep/ EpTurc 
Actual evapotranspiration as 
per turc** adjusted from the 
limit value of precipitation 
between humid and dry zones 
as per Köppen 
Er 
Er = (Ep/EpTurc) (ErTurc) 
Available  
water 
Vp 
 
Vp =(P-Ep)  - (r-
Er) 
 
Water 
reserve of 
the basin 
R 
R = Q-Vp 
or 
R = r-Er 
mm m
3
10
6
 mm m
3
10
6
 mm m
3
10
6
 mm m
3
10
6
 mm m
3
10
6
 
612.9 83 258.08 
583.4 79 246.66 
1.1166585 
651.5 88 429.16 
88.3 11 994.30 2.5 339.60 
97.2%  of Q 2.8% of Q 
79.0% 0.8852994* 
36.4* 4 944.43* 196.2* 26 651.00* 
15.6 of Q* 84.4 of Q* 
791.8 107 554.85 
675.3 91 729.98 
1.1166585 
(754.1)*** 
728.0 
98 888.53 
20.1 2 730.30 0 0 
100.0% of Q - - - - - - 
87.6% 0.8852994* 597.8* 81 202.70* 
73.1* 9 929.60* 130.2* 17 685.83* 
36.0% of Q* 64.0% of Q* 
637.0 86 527.46 
660.3 89 692.44 
1.1166585 
(737.3)*** 
716.0 
97 258.50 
0 0 0 0 
- - - - - - - - - - - - 
93.2% 0.8852994* 
(563.9)* 
584.6* 
y
 **** 
79 409.70* 
0* 0* 119.7* 16 259.60* 
- - - - - - 100.0%  of  Q* 
544.8 74 003.39 
655.3 89 013.26 
1.1166585 
(731.8)*** 
712.0 
96 715.15 
0 0 0 0 
- - - - - - - - - - - - 
96.4% 0.8852994* 
(482.3)* 
580.1* 
y
 **** 
78 798.40* 
0* 0* 83.1* 11 288.00* 
- - - - - - 100.0%  of Q* 
787.3 92 613.40 
652.6 76 770.42 0.9522418 621.4 73 100.12 
158.5 18 645.59 88.6 10 422.70 
79.0% 64.1%  of  Q 35.9%  of  Q 
1 003.5 118 049.51 
745.7 87 722.49 
0.9522418 
710.1 83 522.82 
139.1 16 363.42 73.9 8 693.43 
85.9% 65.3%  of  Q 34.7%  of  Q 
753.9 88 687.12 
730.6 85 946.16 0.9522418 695.7 77 605.64 
8.6 1 011.68 76.3 8  975.76 
93.9% 10.1%  of  Q 89.9%  of  Q 
700.2 82 369.97 
735.7 86 546.11 0.9522418 
700.6 
(666.8)*** 
82 417.03 
0 0 63.7 7 493.20 
95.8% - - - - - - 100.0%  of  Q 
701.2 68 932.12 
613.0 60 259.30 0.9221334 565.3 55 570.28 
159.3 15 659.55 112.7 11 078.67 
76.3% 58.6%  of  Q 41.4%  of  Q 
922.3 90 664.19 
692.9 68 113.65 0.9221334 639.0 62 815.16 
158.7 15 600.57 103.0 10 125.13 
82.9% 60.6%  of  Q 39.4%  of  Q 
713.4 70 128.85 
665.3 65 400.51 0.9221334 613.50 60 308.45 
25.8 2 536.20 106.5 10 469.19 
90.3% 19.5%  of  Q 80.5%  of  Q 
630.7 61 999.25 
677.8 66 629.28 0.9221334 
625.0 
(581.6)*** 
61 438.92 
0 0 84.8 8 336.03 
94.6% - - - - - - 100.0%  of  Q 
* Data calculated starting from the fact that currently 30% of the rainfall corresponds to runoff and 70% to the evapotranspiration.   
** ET = P/[(0.9)+(P2/L2)](1/2)                 L = 300+25t+0.05t3 
*** Er  or  Ep, depending of the case, results greater than  r,  therefore, in its case  Er equals to  r  and  Ep  to  P. 
**** r  results bigger than the basin's precipitation,  therefore,  r  and  Er  must be substituted by  P  y  Ep  respectively. 
 
The values of the hydroclimatic elements, temperature and precipitation, 
were obtained from maps of mean annual isolines drawn with current and 
estimated future values, the latter obtained through the application of above cited 
models. 
Actual evapotranspiration (EpTurc) was estimated through the Turc formula 
(Maderey, 1972), that is based on mean annual temperature (T) and precipitation 
(P) values; but as the resulting value did not match the hydrological balance 
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(P=Q+Ep); the Ep=P-Q factor was applied, assuming that water in the basin is the 
one received directly from precipitation, as already discussed (Table 2). 
An adjustment coefficient to the relationship between actual 
evapotranspiration from the precipitation in the basin (Ep) and the calculated actual 
evapotranspiration with the Turc formula (Ep Turc) was obtained (Ep/Ep Turc). This 
factor was used to adjust actual evapotranspiration according to Turc (Er), of the 
limit value of precipitation (r) to evaluate available water volume (Vp) afterwards. 
Finally, available water volume (Vp) was obtained, amount that agrees 
with the runoff value (Q), which, according to this analysis, depends on 
precipitation and evapotranspiration. Available water volume (Vp) and reserve 
volume (R) jointly comprise the basin’s runoff. Vp is the amount of water that can 
be used without affecting the basin’s ecological environment. The reserve (R) is 
the minimum water volume that the basin should contain to maintain its 
equilibrium. 
Usually water reserve (R) is shown in the bed of rivers during the dry 
season, when the water table sustains runoff (base flow). This is the case of the 
three basins under consideration. In the dry season, a basin naturally drains its 
water reserve (R); so that base flow can be considered as part of available water 
volume (Vp). If the total runoff (the available water and the reserve) is extracted 
during the rainy season, the dry season will be more intense and will show 
detrimental environmental conditions for the basin, which could change from 
humid to dry. 
 
IV. APPLICATIONS AND RESULTS 
IV.1. Present water balance 
Table 2 shows present water balance values obtained for each of the basins 
of study. Information indicates that evapotranspiration increases when temperature 
and precipitation also increase. The Lerma-Chapala-Santiago basin shows a 
slightly higher mean annual evapotranspiration than the Panuco river basin 
although the temperature of the former is lower. This happens when the mean 
annual precipitation is lower, as in the Lerma-Chapala-Santiago basin, resulting in 
a greater atmospheric dryness. 
Contrary to what is expected, runoff values in these basins are apparently 
independent of their size, showing smaller discharges for larger basin areas. Runoff 
figures are obtained from direct yield measurement in stream-gauging stations; and 
from these values handling of water resources from the basin can be derived. In 
addition, surface storage capacity varies from one basin to the other. 
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According to different authors (Del Río, 1962), total runoff in Mexico 
represents about 30% of the computed precipitation. In this regard only the Balsas 
river basin approaches this percentage (24.8%) because its water is being handled 
within the basin. At Lerma-Chapala-Santiago the percentage is lower (11.7%), as 
large volumes of water are either retained for irrigation and industrial use or 
exported to Mexico City. The Panuco river basin shows a comparatively larger 
runoff percentage (26.9%). However this percentage includes surplus water from 
the Valley of Mexico that artificially flows into the Panuco river (Fig. 2). 
 
 
 
 
 
 
Fig. 2  Water distribution in 
different phases of the 
hydrological cycle, Present 
Scene. P=Precipitation, 
E=Evaporation, Q=Runoff, 
Vp=Available water 
volume, R=Reserve 
 
 
Values obtained for each basin show similarities in the percentages of 
parameters related to their hydrological balances, mainly precipitation in the 
Panuco and Balsas basins. By contrast, there is a significant difference between 
evaporation (E) and runoff (Q) (Fig. 2) for the Lerma-Chapala-Santiago basin.  
According to related calculations, usable water volume (Vp) and water 
reserve (R) of the basins of study, largely depend on their climate; however, 
anthropogenic influence is paramount. This could explain the fact that Vp and R 
values for Lerma-Chapala-Santiago are so different from those of the Balsas and 
Panuco basins. The three basins have humid climates although the second ones 
receive more water than the first one, so that both values (Vp and R) are larger; 
however, large groundwater extractions from the Lerma-Chapala-Santiago basin 
negatively affect its water balance, resulting in a shortage of available water and a 
nil reserve (339.60 ·10
6
 m
3
). If the original conditions of this basin are considered, 
it should have 26 651·10
6
 m
3
 of water reserve. 
LAURA ELENA MADEREY, ARTURO JIMENEZ, JOSE JOEL CARRILLO 
70 
 
 
 
IV.2. Estimated water balance for 2025-2050 with the GFDL model 
Table 2 and Fig. 3 show computed changes for the analyzed hydroclimatic 
elements of the basins resulting from the GFDL model (Magaña et al., 1997). 
Theoretical temperature, precipitation and evapotranspiration represent 
increases of approximately 3.7º, 165 mm and 200 mm, respectively, compared to 
current values for all basins involved. Evapotranspiration maintains its same 
behavior with respect to mean annual temperature (T) and precipitation (P). 
The expected runoff also decreases for larger basin areas, as currently, but 
undergoes a general decrease in the three basins as evapotranspiration (E) increases 
to a greater extent than precipitation does. At the Lerma river basin the 
disproportion existing between evaporation and runoff is the greatest one (Fig.3). 
 
 
 
 
 
 
Fig. 3  Water distribution in 
different phases of the 
Hydrological Cycle, GFDL 
Model Scene. 
P=Precipitation, 
E=Evaporation, Q=Runoff, 
Vp=Available water 
volume, R=Reserve. 
 
 
Calculated available water (Vp) and water reserve (R) values suggest that 
the Lerma-Chapala-Santiago basin is at the limit between humid and dry climate 
already, because total runoff is equivalent to the available water, being left without 
water reserve. It is also noted that, under original conditions, this basin would have 
a greater runoff and its water reserve would have been almost twice the Vp value. 
Nevertheless, the other two basins maintain their humid climate condition, due to 
the fact that the increase in evapotranspiration slightly decreases the usable water 
as well as the water reserve. 
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IV.3. Estimated water balance for 2025-2050 with the CCCM model 
Table 2 and Fig. 4 show results that would be obtained if the climate 
change behaves as predicted using the CCCM model (Magaña et al., 1997). 
The application of this model suggests a temperature increase of 3.1ºC for 
the Lerma-Chapala-Santiago and Balsas basins and 2.1ºC for the Panuco basin. 
This model shows lower variations than those obtained with the GFDL model. In 
the three basins a decrease in precipitation values were registered: 91.6, 194, and 
128.5 mm for the Lerma-Chapala-Santiago, Balsas and Panuco basins, 
respectively. When rainfall decreases, the actual evapotranspiration is lower for the 
first two basins, but at the Panuco basin a slight increase in mean annual 
temperature is detected, so that evapotranspiration also increases slightly. Runoff 
water disappears in the Lerma-Chapala-Santiago basin and it decreases 
considerably in the other two basins. 
 
 
 
 
Fig. 4  Water distribution in 
different phases of the 
Hydrological Cycle, CCCM 
Model Scene. 
P=Precipitation, 
E=Evaporation, Q=Runoff, 
Vp=Available water 
volume, R=Reserve. 
 
 
Under this model, the climate of the Lerma-Chapala-Santiago basin 
becomes dry and without any usable and reserve water. Assuming that 30% of 
rainfall represents total runoff water and 70% is evapotranspired, of 3.1º, calculated 
values indicate that available water is nonexistent and water reserve is represented 
by total runoff. In the other two basins, Vp values decrease significantly while this 
decrease is not important for R values. 
 
LAURA ELENA MADEREY, ARTURO JIMENEZ, JOSE JOEL CARRILLO 
72 
 
 
 
IV.4. Estimated water balance for 2025-2050 with the TCM model 
Table 2 and Fig. 5 show hydroclimatic values obtained when the 
thermodynamic model of the atmosphere (TCM) is applied (Adem, 1982). 
The mean annual temperature increases in approximately 3º C, and the 
mean precipitation decreases by more than 200 mm in the three basins. Therefore, 
evapotranspiration also decreases because there is less water available for 
evaporation. Runoff is markedly diminished at the Balsas and Panuco basins, 
whereas it completely disappears at the Lerma-Chapala-Santiago basin. As regards 
available water, it disappears in the three basins, and only the Balsas and Panuco 
river basins maintain their water reserve, although at greatly diminished levels. 
 
 
 
 
Fig.5 Water distribution in 
accordance to the phases of 
the Hydrological Cycle, 
TCM Model Scene. 
P=Precipitation, 
E=Evaporation, Q=Runoff, 
Vp=Available water 
volume, R=Reserve 
 
 
 
IV.5. The Mexico basin case 
It is important to attempt to forecast the situation that would occur in terms 
of availability of water resources in the Mexico basin. 
Nowadays this area has what appears to be a deficit in available water (Vp) 
that is further changed by importing water from nearby basins: the upper Lerma 
river basin, and the Cutzamala basin, a tributary of the Balsas river; 350 liters per 
inhabitant per day are reported to be supplied to the city (Maderey, 1994). 
However no further considerations are made regarding usage by other sectors such 
as industry. 
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According to current available water (Vp) values calculated for the Mexico 
basin, only 185 liters per inhabitant per day can be supplied. For future years 
(2025-2050) assuming population does not increase, the GFDL model indicates the 
basin could provide 60 liters per habitant per day. The CCCM model yields 16.7 
liters per habitant per day, and according to the TCM model there could be an 
available water (Vp) deficit of 8.7 liters per habitant per day. These results provide 
a worse scenario if a population increase is considered, which would imply a 100% 
import of water. The possibility of transporting desalinized water from the ocean 
should be analyzed so the nearby basins that are now supplying this resource and 
the ones that would do it in the future, would not be damaged in their environment 
and related ecosystems. This feasibility suggests a responsibility that needs to be 
based on a thorough knowledge of the functioning of water resources (surface and 
underground) in the basin. 
Plans to meet water supply needs for Mexico City metropolitan area until 
year 2010 were based on three alternatives which are still relevant today 
(Barcelona, 1999): 
1) Cover increasing needs by importing water from other basins. 
2) Achieve a future sustainable development, in which exploitation of 
surface waters is progressively included. This considers, among others: a 
substantial reduction in water distribution losses, which represent 37% of the total 
estimated (not measured) supplied yield; an increased use of recycled sewage-
treated water; aquifer recharge; responsible water use and the increase and 
improvement of infrastructure and service operations. 
3) A combination of the last two alternatives.  
These alternatives must be envisaged as part of other actions where social 
aspects are to be included such as housing facilities, population and density issues 
as well as industrial activities. A final decision has to consider a thorough analysis 
of technical, social, economical, financial and environmental constrains for each 
possible source of expected water alternatives (efficient use, artificial recharge, 
enhance natural recharge, population control, shift of water use, among others). 
 
V. DISCUSSION 
V.1. Current scenario 
The annual available water volume and the values for the different 
parameters involved in the hydrological balance of the basins of study are 
considered to be valid, as they are derived from direct measurements of 
precipitation, runoff and temperature. Although evapotranspiration was estimated, 
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it was necessary to adjust computed values in order to obtain actual figures. This 
adjustment allowed assessing real usable water volume values. 
At the Lerma-Chapala-Santiago basin, important water volumes have been 
retained and extracted, consequently runoff is very low and adjusted 
evapotranspiration results are too high. If under natural conditions 30% of 
precipitation derives in total runoff and 70% in evapotranspiration (Del Río, 1962), 
the water balance in this basin would be: P = 775.2 mm; E = 542.6 mm; Vp = 36.4 
mm; Q = 232.6 mm; R = 196.2 mm. 
As a result of this estimate, it is concluded that at present the basin has 
suffered an approximate 60% decrease in runoff discharge (Q) and about 100% 
decrease in water reserve (R); by contrast, available water volume (Vp) has 
increased in about 140%. 
These variations show the great exploitation of the water reserve carried 
out at the Lerma basin. Extracted water supplies not only the villages established 
therein, but also Mexico City that, as already mentioned, pertains to a different 
basin: the Panuco basin. 
During the last fifty years, water supplied to towns within the Lerma basin 
has consumed the water reserve, and after being used, it is poured back into the 
beds of the same fluvial system; this is the reason why the percentage of available 
water registers such a high increment. It must be pointed out that water supply is 
taken from the reserve because runoff water is polluted as a consequence of 
residual water volumes poured into river beds. 
 
V.2. Future scenario (2025-2050) and vulnerability 
Based on results derived from the application of the three models, it is 
concluded that, in relation to water availability in the basins of study and assuming 
a climatic change, GFDL is the most favorable model, because although it predicts 
a temperature raise, it also predicts an increase in precipitation, and even when a 
higher temperature increases evaporation, water availability would be assured. The 
most vulnerable case is the Lerma-Chapala-Santiago fluvial system basin, because 
even though the model predicts that it will remain available water, the water 
reserve in the basin would be exhausted and consequently there would not be 
enough water for the different requirements. 
The results estimated with CCCM and TCM models reveal that the 
situation of the Lerma-Chapala-Santiago fluvial system basin is critical. First, it 
evolves from a humid to a dry climate. Second, it presents several problems, as 
cited in previous paragraphs that would be aggravated by not having a water 
surplus even if considered as a virgin basin. Since it would only have its own 
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reserve water, ecosystems within the basin would be damaged if such reserve is 
used. In the case of the Balsas and Panuco rivers, available water volumes obtained 
from the CCCM model considerably decrease, but this is not the case of water 
reserves. The results from the TCM model indicate that the climate of these basins 
will shift from humid to dry, keeping a smaller water reserve. 
Table 3 and Fig. 6 show mean values of hydrological balance, available 
water volume and water reserve for central Mexico, taking average values from the 
three basins under study, in its current condition as well as those generated with the 
three models used for hydrological estimates assuming a climatic change. The 
conditions that would exist in the future (2025-2050) with the expected global 
climatic change are observed, as per results obtained with GFDL, CCCM and TCM 
models. Although the GFDL model is the most favorable one, the three models 
predict a decrease in available water volumes and reserve water for all basins; more 
serious conditions were estimated with the TCM model. 
Table 3. Mean hydroclimatic parameters and hydrological balances for the Central Region* of México    
  Tempe-   Actual   Available Water 
Climatic rature Precipitation evapotranspiration Runoff water reserve 
model T P Ep Q Vp R 
        (Ep=P-Q)     Vp = (P-Ep) - (r-Er) R = Q-Vp  or  R = r-Er 
  º C mm m3106   Mm m3106   mm m3106   mm m3106   Mm m3106   
Present  scene 20.0 896.9 
 104 
285.99 693.6  81 573.69 203  22 712.00 135.4  51 433.15 67.9  7 280.32 
GFDL 23.6 1 061.7  17 837.62 896.8  65 415.70 164.9  17 837.62 106.0  11 564.76 59.0  6 272.85 
 CCCM  22.8 758.8  7 664.28 686.4  80 657.47 72.4  7 664.28 11.4  1 182.63 61.0  6 481.65 
 TCM  23.0 654.1  5 276.52 604.6  71 905.20 49.5  9 039.19 0 0 49.5  5 276.41 
  *  Área:  351 775.95   Km2   
           
 
Fig. 6. Mean hydroclimatic parameters and hydrological balances for the Central Region of 
Mexico. 
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At the Lerma-Chapala-Santiago fluvial system basin, water has been 
mismanaged and in its quality has been neglected, causing a natural unbalance, 
especially at the high Lerma river basin. If it currently shows water problems 
related to mismanagement, in the near future, when the consequences of the global 
climatic changes are added, the vulnerability of this fluvial system will be absolute. 
The Balsas and Panuco river basins are in a less serious situation. However, the 
conservation of the water resource should be carried out with a proper planning and 
under a rational exploitation in order to avoid reaching the situation of the first 
basin, especially in the case of the Panuco river basin (which is connected to the 
Mexico basin), where conservation and planning development are very difficult. 
 
V.3. Mexico basin 
In regards to the Mexico basin, although expectations about water supply 
are difficult, plans in this matter are encouraging, because they include actions that 
could contribute to a satisfactory solution to the problem if fulfilled.  
The factor that contributes most to the reduction in the water resource is 
the overall population increase, despite the average population growth rate in the 
Metropolitan Area of the Valley of Mexico having decreased from 2.52% in the 
years 1970-1990 to 1.53% in 2000-2010.  In the D. F. growth rates decreased from 
2.34% in the years 1970-1990 to -0.28% in 2000-2010 (Escamilla, 2012). Another 
very important aspect that affects the volume of potable water supplied to the huge 
Mexico City is water leakage from the distribution pipeline system as reported (not 
measured) by the D.F. authorities; losses that could be reduced from 37% of the 
total supplied water volume to 24% for year 2013, according to plans of the D. F. 
government. 
 
VI. CONCLUSION  
The results support the validation of the method used to evaluate available 
water for the considered scenarios and to estimate potential variations that would 
probably occur in hydroclimatic elements for the period between 2025 - 2050, as a 
result of global climatic changes. Detailed studies are required in smaller sub-
basins to try to avoid constrains and limiting factors included in the method. 
In conclusion, an important recommendation for preserving natural water 
resources is given to properly manage surface and groundwater in a responsible 
way. To achieve this, a detailed data collection and its management through a 
methodology that considers the actual physical behavior of the variables that 
determine water balance should be considered. Only through this effort, usable 
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water volumes (surface and groundwater) may be defined. So questions about 
when (different seasons of the water year, where (suitable sites within the basin) 
and how (dams, channels, wells) are the best options in order to carry out a rational 
management of water resources. 
Special attention should be given to the Mexico basin given that it includes 
Mexico City which, as the capital of the country, is subject to a continuous growth 
in the number of its inhabitants.  Thus, an adequate use of the basin upon which 
this region depends for the use of water requires a very careful and thoughtful 
handling of this vital resource.  This means that an efficient use of the basin in 
view of the challenges posed by global climatic changes should put all the effort to 
maintain the balance of the basin’s hydrological cycle, avoid its pollution, and 
prevent periods of shortage in its supply not only for the population in the Mexico 
basin area, but also for the people that live in the areas from which the water is 
obtained. 
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